is chronic, although its symptoms may become less evident as a person grows older.
To fulfil the definition of APD given in DSM-IV, a person must be at least 18 years of age and must meet three or more of the following seven diagnostic criteria (paraphrased from American Psychiatric Association, 1994, pp. 649-650): The diagnostic criteria of Dissocial Personality Disorder in ICD-10 are broadly similar, the main differences being the inclusion of criteria referring to 'incapacity to maintain enduring relationships, though with no difficulty in establishing them' and 'incapacity to experience guilt, or to profit from adverse experience, particularly punishment' (Cooper, 1994, p. 227-228) .
The forms of behaviour characteristic of APD have been reported in societies with widely different social and economic systems and in all eras, which suggests that they are not the results of a recent pathology of modern industrial culture (Robins, Tipp, & Przybeck, 1991, p. 259) . The prevalence of APD in the United States is relatively stable at about 2 per cent (about 3 per cent among men and 1 or 2 per cent among women), or perhaps marginally higher, and broadly similar prevalence rates have been reported in other societies (American Psychiatric Association, 1994; Cloninger & Gottesman, 1987; Davison & Neale, 1994; Robins et al., 1991) . There are no marked differences in prevalence rates between different ethnic groups in the United States (Robins et al., 1991, pp. 271-276) , although prevalence is generally higher in innercity areas than in rural villages (Robins et al., 1984; Robins et al. 1991, pp. 280-283) .
It is generally agreed that people with APD account for about 50-60 per cent of the federal prison population in the United States (Hare, 1980 (Hare, , 1993 Hare et al., 1991; Harpending & Sobus, 1987; Mealey, 1995) , and according to one study about 75 per cent of the male inmates in Canadian federal prisons met the criteria for APD (Correctional Service of Canada, 1990) , which implies that they are responsible for a large proportion of reported and probably also unreported crime.
Although changes in operational definitions and diagnostic measures make precise intertemporal comparisons somewhat hazardous, there is no evidence to suggest that the prevalence of APD is lower today than it was half a century ago (cf. Page, 1947, p. 397) . If the prevalence rate has indeed been relatively stable over time, then this seems surprising in the light of public policy over the past several decades, which has involved devoting large and escalating resources of the criminal justice system and the social and psychiatric services to controlling antisocial behaviour and removing increasing numbers of people with APD from society.
What accounts for the persistence of a small but disproportionately disruptive minority of people with APD? One possible approach to this problem is to construct a mathematical model of the evolution of antisocial behaviour in an effort to simulate and thereby clarify the dynamic processes that control it. A mathematical model is an abstract idealization of a phenomenon -in this case of the sociobiology of APD.
The phenomenon itself is invariably too nebulous and complex to understand clearly, so it is replaced by a deliberately simplified mathematical structure whose rules and basic elements are clearly specified and from which other properties can be deduced by formal reasoning. Such deductions are necessarily true, but they apply to the mathematical model rather than the phenomenon itself; how well the model corresponds to the original phenomenon is always a matter of judgement and empirical evidence. To be useful, the model must not only capture the essential features of the phenomenon but also generate insights that transcend a merely common-sense understanding of it. Frank (1987; 1988, pp. 43-70, 158-162, 261-269 ; see also Frank, Gilovich, & Regan, 1993) , Harpending and Sobus (1987) , and Mealey (1995) have suggested game-theoretic sciobiological models of competitive and cheating behaviour according to which APD may be interpreted as the expression of a frequencydependent life history strategy arising from natural selection. The basic premise is that such behaviour results from an evolutionary process that, through an interaction of genetic and environmental factors, leads to an equilibrium in which a small but stable minority of people habitually use predatory and manipulative strategies in their interactions with others. The evolutionary models suggested by Frank, Harpending and Sobus, and Mealey are based on the well-known Prisoner's Dilemma game, in which two players each face a choice between a cooperative and a non-cooperative strategy. In this game, the highest possible payoff (which means simply the player's most preferred outcome) results from choosing non-cooperatively while the other player cooperates, and the lowest payoff from cooperating while the other player chooses non-cooperatively, and both players are better off if both cooperate than if both choose non-cooperatively. The Prisoner's Dilemma game is an inappropriate model for the sociobiology of APD for a number of reasons. First, a two-person game can never adequately model an inherently multi-person phenomenon such as the evolution of a mixed population in which a stable minority exhibits APD -what is clearly required is a multi-person game. Second, if many people interact with one another in pairs according to the payoffs of the Prisoner's Dilemma game, it can be shown that the evolutionarily stable equilibrium that results is not one in which a small minority consistently choose the non-cooperative strategy, but rather a uniform population in which all members of the population do so (Colman, 1995b) . Furthermore, if the encounters involve iterated (rather than one-off) Prisoner's Dilemma games, the population still does not evolve to the type of strategy mixture that is seen in the epidemiology of APD (e.g., Axelrod, 1984; Bendor, 1993; Nowak & Sigmund, 1993; Selten & Hammerstein, 1984) . Third, in the Prisoner's Dilemma game the non-cooperative strategy does not provide a convincing model of the predatory, antisocial behaviour that is characteristic of APD.
Studies of the social value orientations of players have shown that people with competitive or individualistic social value orientations are more likely than cooperatively motivated people to choose the non-cooperative strategy (Kramer, McClintock, & Messick, 1986; Kuhlman & Marshello, 1975; Liebrand & van Run, 1985; McClintock & Liebrand, 1988) , but there is no evidence that non-cooperative choices are associated with predatory or antisocial motivations or with disregard for social obligations and callous unconcern for the feelings of others.
The purpose of this article is to suggest a different mathematical model, worked out in detail, that provides a more satisfactory sociobiological explanation of APD.
The section immediately below describes the basic structure of the model, and that is followed by a section summarizing the main results that can be deduced from it. The final section contains a discussion of the model and its implications.
Method
Although a multi-person model is required, we begin with a simple two-person game, more appropriate than the Prisoner's Dilemma game, which functions as a basic building block for a multi-person evolutionary model that is later constructed from it via the theory of compound games (Colman, 1995a, pp. 209-212) .
Basic game
The basic two-person game is usually referred to in the literature of game theory as the game of Chicken (e.g., Hamburger, 1979, pp. 83-87; Rasmusen, 1989, pp. 73-74; Shubik, 1991, pp. 394-395) and in the literature of evolutionary biology as the HawkDove game (e.g., Lazarus, 1995, pp. 37-38; Maynard Smith, 1976 Maynard Smith & Price, 1973 ). The game is specified in Table 1 . Table 1 Chicken is the prototypic dangerous game and is often associated with antisocial, predatory, and manipulative social interactions (Swingle, 1970) . Its name derives from a hazardous game involving displays of machismo that became notorious after the release of Nicholas Ray's film, Rebel Without a Cause, starring James Dean, in 1955. In its most familiar version, two drivers speed towards each other in an open area. Each can choose either the cooperative or cautious strategy (C) of swerving to avoid a head-on collision (and thereby being 'chicken') or the dangerous and antisocial strategy (D) of driving straight ahead. If both drivers are cautious, the outcome is a draw with second-best payoffs to each (3, 3), and if both drive dangerously at each other, they risk death or serious injury, which yields the worst payoffs to each (1, 1). But if one driver cautiously swerves while the other dangerously drives straight ahead, then the cautious driver loses face and receives the third-best payoff of 2 while the dangerous driver wins a prestige victory and receives the best possible payoff of 4.
___________________________________
Among all strategically distinct two-person, two-strategy games, of which there are exactly 78 (Rapoport & Guyer, 1966) , Chicken is the one that seems best suited to modelling the sociobiology of APD, partly because it occurs frequently in everyday strategic interactions involving risk taking and the threat of aggression, and partly because it has a number of strategic properties that seem applicable to APD. First, it has a uniquely compulsive quality that makes an invitation to play it impossible to refuse, inasmuch as declining a challenge to play Chicken amounts to playing a version of it and losing. Second, a player who appears resolutely committed to choosing the dangerous or antisocial D strategy is bound to win, provided only that the other player is rational, thus a person who cultivates a reputation for 'reckless disregard for the safety of self or others' (DSM-IV, criterion 5), 'lack of remorse for the mistreatment of others' (DSM-IV, criterion 7), or 'irritability and aggressiveness' (DSM-IV, criterion 4) is therefore likely to gain an advantage from the justifiable fear that this induces in any rational opponent; in fact there is authoritative anecdotal evidence that some professional criminals deliberately use precisely this form of brinkmanship (McVicar, 1981, pp. 225-226) . The third strategic property, which is peculiar to Chicken, is the paradoxical sense in which it is rational to behave irrationally. A player who is seen to be irrational, impulsive, or unpredictable gains an advantage in Chicken, because there is a natural tendency to give a wide berth to anyone who shows a 'failure to conform to social norms' (DSM-IV, criterion 1), 'impulsivity or failure to plan ahead' (DSM-IV, criterion 3), or 'consistent irresponsibility' (DSM-IV, criterion 6). In Chicken-type encounters, a player thus gains advantage from deliberately appearing irrational, and there is anecdotal evidence that this ploy is also used in the pursuit of antisocial and criminal behaviour (e.g., Haldeman & DiMona, 1978, p. 83) . The last strategic property of Chicken, and the one that is most relevant to the sociobiology of APD, is an aggregation effect that emerges when Chicken is transformed from a two-person to a multi-person game.
This needs to be explained in some detail in a separate subsection.
Multi-person evolutionary model
We need to establish what will happen in an entire community in which individuals interact with one another in pairwise games with the strategic structure of Chicken.
To explain the evolution of APD, we begin by assuming that the payoffs represent units of Darwinian fitness (the lifetime reproductive success of the individual players) and that the propensity to choose C or D is at least partly heritable. Taken together, these two assumptions imply that a player who receives a large payoff following a particular choice of C or D will leave relatively many offspring who tend to adopt the same strategy, and a player who receives a smaller payoff will leave relatively few.
Consequently, strategies that yield high payoffs will tend to increase in relative frequency in the population, and less successful strategies will tend to decrease.
Patterns of behaviour may also be subject to evolution by a form of natural selection that occurs through learning and imitation rather than genetics (Dawkins, 1989) . Dawkins called behaviour patterns that are subject to social evolution in this way memes -a word designed to resemble genes -because they are sustained by memory and mimicry. Like genes, memes are self-replicators: in suitable environments they produce multiple copies of themselves. Some are fitter than others, as measured by the number of people who adopt them, and only the fittest -those that people copy most often -survive in the struggle for existence. Social evolution can, of course, proceed much more rapidly than biological evolution, because it is not limited by the reproductive rate of the species, and a propensity to choose the cooperative/cautious C strategy or the dangerous/antisocial D strategy in Chickentype interactions can clearly function as a meme and spread by social evolution. Our evolutionary model of APD is neutral as to whether the evolution proceeds biologically or socially, and it therefore does not rest on any assumptions about the heritability of antisocial behaviour, although there is evidence that it has a genetic component (Gottesman & Goldsmith, 1994; Bock & Goode, 1996; Schulsinger, 1972) . In fact, biological and social evolution may even occur in parallel.
Suppose, therefore, that members of a community encounter one another in pairwise interactions with the strategic structure of Chicken. For mathematical simplicity, assume that within a specified time period each person plays one game of Chicken either with every other member of the community or with a random sample of the others and that everyone plays the same number of games.
From the viewpoint of a single player, suppose that the proportion of other players choosing C is k. The proportion k can vary from zero, if none of the others choose C, to unity if all of the others choose C, and the proportion of the others choosing D must be (1 -k). At the end of the specified time period, after all of the two-person encounters, the average payoffs, according to the figures in Table 1 , will be as follows:
Average payoff to a C chooser = 3k + 2(1 -k) = k + 2,
Average payoff to a D chooser = 4k + 1(1 -k) = 3k + 1.
A player who uses a so-called 'mixed strategy' receives a weighted average of the payoffs specified by (1) and (2): for example, a player who randomizes between choosing C half the time and D half the time receives a total expected payoff of (k + 2)/2 + (3k + 1)/2 = 2k + 1½. These are average payoffs; to specify actual payoffs to an individual player an additional term would have to be added to each equation to represent random errors (what game theorists call 'trembles') arising from the varying circumstances of particular encounters; but this is unnecessary for our purposes.
In order to produce a graphical representation of this simple mathematical model we need to fix some numerical values of the payoff functions (1) and (2). First, the average payoff to a C chooser if none of the other players chooses C (that is, if k = 0), which is found by setting k equal to zero in (1), is 2. Second, the average payoff to a C chooser if all of the other players choose C, found by setting k = 1 in (1), is 3.
Third, the average payoff to a D chooser if none of the other players chooses C (if k = 0), found by setting k equal to zero in (2), is 1. Last, the average payoff to a D chooser if all of the other players choose C, found by setting k = 1 in (2), is 4.
Results
The final form of the model, with the parameters set to the values given in Table 1 , is shown in Figure 1 . The end-points of each payoff function are the average payoffs to a player choosing C or D when none of the others chooses C (when k = 0 at the left) or when all of the others choose C (when k = 1 at the right).
___________________________________ Figure 1 about here

___________________________________ Dynamics
The first point to notice in Figure 1 is that the point of intersection of the two payoff functions represents a stable equilibrium, any deviation from which tends to be selfcorrecting because of the replicator dynamics built into the model. When a relatively small proportion of the other players choose C -that is, when k is small to the left of the intersection -the C function lies above the D function, which means that the average payoff from a C choice is higher than from a D choice. This in turn means that C choosers will replicate faster than D choosers, so that if choosing C is at all heritable or imitable, the number of C choosers will increase relative to D choosers and thus k will increase towards the intersection. But when relatively many of the others choose C, that is, when k is large, a player gains a higher average payoff from choosing D than C, so C choosers will decrease relative to D choosers and k will decrease towards the intersection. At the point of intersection of the payoff functions a player receives the same payoff for a C choice as for a D choice, and the model is in equilibrium. At the equilibrium point, and only there, the two strategies are equally effective in terms of Darwinian (or social) fitness, and any deviation from the mixture at that point will tend to be self-correcting. This implies that, whatever the starting value of k, the community will tend to evolve by natural or meme selection towards the stable equilibrium at the intersection point, with a certain proportion of the population choosing C and the rest choosing D.
Results with large k
The specific value of k at which the payoff functions intersect depends on the payoffs in the basic two-person game from which the model is constructed. The payoffs shown in Table 1 , which were used to produce Figure 1 , were chosen for maximum simplicity by using the numbers 4, 3, 2, and 1 for a player's best, second-best, thirdbest, and worst outcomes. When the parameters are modified within the ordinal structure that defines the game of Chicken, the basic properties of the model remain intact, and in particular the payoff functions always intersect as in Figure Table 2 ). Table 2 Table 2 , equality occurs where
___________________________________
which simplifies to k = .98 as required. These are not the only parameters that yield a value of k = .98, but they do illustrate a property that has emerged as a finding of the dynamic model, namely that an equilibrium point with such a small proportion of D choosers occurs only when the average gain from choosing D rather than C against a C chooser is vastly less than the average loss to the player on the receiving end of that encounter -in the example just given the payoff of the dangerous exploiter goes up from 99 to 100, but the cooperative victim's payoff falls all the way from 99 to 50.
The model turns out to provide a possible explanation for the far higher prevalence of antisocial behaviour among young men than older men or women, for which there is ample research evidence (Ellis, 1990; Robins et al., 1991) . Wilson and Daly (1985) have argued that Darwinian fitness among males is limited chiefly by access to fertile females, whereas female fitness is limited by physiological and energy constraints, therefore high-status males can enhance their fitness by monopolizing the reproductive potential of several females, whereas females cannot profit to the same extent from multiple mates. This implies that young men have experienced intense within-sex reproductive competition during the evolutionary history of the species, and that this has resulted in greater variance in fitness among males than females. On the assumption that the greater the payoff discrepancy between winners and losers in any competition, the greater the expected expenditure of effort and tolerable risk,
Wilson and Daly argued that this may explain the 'young male syndrome' of risky or violent competitive behaviour. But in common with many other informal sociobiological theories, the argument is inconclusive, because as Wilson and Daly pointed out, in conflicts between men of different ages, 'one might instead predict . . .
that it is the older, not the younger, who has less to lose and should therefore be readier to employ dangerous competitive tactics' (p. 70, italics in original).
Conclusions
Is there a sociobiological explanation for the small but relatively stable minority of people with APD found in most large communities? The Prisoner's Dilemma game cannot provide a realistic basis for an explanation of this phenomenon, but a multiperson compound game based on Chicken or the Hawk-Dove game provides a possible explanatory mechanism. The fact that Chicken is a quintessentially dangerous game (the DSM-IV diagnostic criteria for APD include 'impulsivity or failure to plan ahead', 'irritability and aggressiveness', and 'reckless disregard for the safety of self or others'), together with several of its unusual strategic properties discussed above, make it a natural and perhaps obvious choice for modelling the sociobiology of APD. Most importantly, the multi-person compound game that has been developed from it in this article was shown to possess a stable evolutionary equilibrium at which a proportion of the population choose the cooperative or cautious strategy and the rest choose the dangerous or antisocial strategy, and with plausible parameters the latter proportion is approximately 2 per cent, corresponding to the approximate prevalence of APD. What this implies is that when more than 2 per cent of the population exhibit APD-type antisocial behaviour, cooperative behaviour pays better, presumably because antisocial behaviour is too dangerous in those social environments; but when less than 2 per cent of the population exhibit antisocial behaviour, the danger of retaliation is less and antisocial behaviour pays better.
What is important is not the specific numerical proportion of people with APD, which may be slightly higher than 2 per cent in the United States (Robins et al., 1991) , but the fact that there exists in every community an equilibrium point at some fixed proportion. The factors that determine the equilibrium proportion in a given community include everything that determines the payoffs in the basic game. For example, heavily populated inner-city communities provide greater anonymity than rural communities and may therefore offer greater opportunities for antisocial behaviour to succeed and to go undetected, which implies that the average payoff advantage from choosing the antisocial D strategy rather than the cooperative C strategy against a C chooser may be greater in inner-city communities. The effect of increasing this payoff would be to raise the right-hand extremity of the payoff to a D chooser in Figure 1 and thus to move the intersection point to the left, which means that the proportion of D choosers at the evolutionary equilibrium would increase.
This may explain why the prevalence of APD is higher in inner-city than in rural communities (Robins et al., 1984; Robins et al., 1991, pp. 280-283) . According to the model, a stable evolutionary equilibrium point exists in every community, but the specific parameters of the model, and therefore the precise proportions of cooperative and antisocial individuals at the equilibrium, depend on local circumstances.
There are two possible interpretations of the mixed-strategy equilibrium in an evolutionary game of this type. Either the population evolves to a dimorphic mixture of cooperative and antisocial phenotypes, in the proportions specified by the parameters of the model, in this case 98 per cent and 2 per cent respectively, or else it evolves to a form in which every individual shows a propensity to randomize between behaving cooperatively and antisocially in the required proportions. The first interpretation is clearly more likely to be correct in this case, because most people seldom or never manifest the types of behaviour characteristic of APD, at least once they have reached adulthood, before which APD cannot be diagnosed according to DSM-IV (American Psychiatric Association, 1994, p. 650 ).
If the model described in this article is applicable to the real world, then it reveals an interesting property of APD behaviour that has not been formalized before, namely the fact that (in western industrial societies at least) the relative gain to the person performing an antisocial, predatory, or exploitative act must on average be very slight compared to the relative loss suffered by the person on the receiving end of it. For example, a mugger may gain only a small amount from assaulting or even killing a passer-by, but the consequences for the victim may be catastrophic. This turns out to be a necessary consequence of the empirical observation that the prevalence of APD is in the region of 2 per cent: even assuming this figure to be only approximately correct, the model requires the relative gain to the antisocial exploiter to be very much less than the relative loss to the victim. It is perhaps not entirely obvious that the prevalence of APD is necessarily low when the D chooser's average gain is much less than the C chooser's average loss, and it may be regarded as a finding that transcends our common-sense understanding of APD. Furthermore, if the evolution of antisocial behaviour is at least partly genetic, then the fact that men have experienced more intense reproductive competition than women during the evolutionary history of the species, and that the variance in fitness is greater among men than women, may explain why risky and antisocial behaviour appears to be largely a 'young male syndrome' in all societies (Wilson & Daly, 1985) .
Can this model provide an explanation for the criminal, delinquent, and generally antisocial or predatory forms of behaviour that are prevalent at low frequencies in most large communities? Such forms of behaviour are, of course, due to multiple complex causes, and no single explanation is likely to be complete, but a vastly disproportionate amount of antisocial behaviour is apparently attributable to a small minority of people with APD, and this highly significant minority may possibly be maintained through frequency-dependent Darwinian selection or a form of social evolution that mimics it. If that is the case, then some mechanism similar to the one presented in this article must be at work. There must in any event be some explanation for the relative stability of APD prevalence rates, and no other plausible suggestion has appeared in the literature on APD.
If the model is correct, and if the replicator dynamics of the model are driven mainly by social rather than biological evolution, then the battle to eliminate antisocial behaviour cannot be won by removing increasing numbers of offenders from society.
For even if it were possible to remove all people with APD from society, others would emerge to fill the resulting strategic vacuum, although if the model is driven exclusively by biological evolution, then this inference cannot necessarily be drawn.
In any event, a more realistic public policy would involve interventions at the societal level aimed at coping with antisocial behaviour rather than attempting to eliminate it.
What are required are measures designed to raise the equilibrium point itself to a higher proportion of C choosers. This in turn would require altering the payoffs of the basic game in Table 2 . It is clear from Figure 1 that any social or legal changes that increase the payoff for cooperation with either cooperative or antisocial individuals should have the effect of reducing the proportion of antisocial individuals at the evolutionary equilibrium point, and that any changes that decrease the payoff for antisocial behaviour in interactions with either cooperative or antisocial individuals should have the same effect. Thus, for example, any social interventions that improve people's sense of community and thus make mutual cooperation more rewarding and victimization less traumatic should increase the payoffs for cooperation, and any increase in either the likelihood of detection or the severity of punishment for antisocial behaviour should reduce the average payoffs for D choices; in both cases the effect should be to reduce the proportion of antisocial individuals at the equilibrium point. Although the analysis presented in this article suggests that it may be impossible to rid society of antisocial behaviour, it also implies that it is worth diverting some of the resources currently devoted to the criminal justice system towards encouraging and rewarding cooperative behaviour and fostering a sense of community, especially in relatively anonymous inner-city areas of society. Table 1 , where the proportion k of other players choosing C varies from zero to unity.
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